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By Stanley Fsaber
SUMMARY

An investigation has been made to obtain an indicatlon as to the

desired magnitudes of the pilot's stick forces and stick displacements
in relation to the tracking performance. The tests have been performed
on a ground simulstor with one degree of freedom, pitch. The stick
force and stick displacement per unit response were varisble, and the
period and demping characteristics could be adjusted to cover the ranges
existing for moet airplamne types. For this investigstion the period and
damping of the ground simulator were typical of those of current fighters
operating at low altitudes end at subsonic speeds.

The results of the tests for a well-daemped airplene show that, as
the required stick displacements were reduced, the accuracy of the sub-
Jects in performing the tracking task improved. The tests slso showed
that, as the force required was reduced, the accuracy improved.

The control technique used by the subjects in this investigation
may be somewhat different from that used in actual flight. In these
tests, the subjects utilized a procedure to improve the response of
the airplene wherein much more force and displacement were applied
than were required to give steady-state response. In actual tracking
flight, the control procedure mesy be conditioned by other factors, and
control applications mey be somewhat slower and more deliberste.

INTRODUCTION

The design of the pilot's primery control, that is, the amount of
displacement of the control stick required to deflect the control surface,
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ususally has been based on the desire for the highest possible mechanical
advantage compatible with both the cockpit size and the reaech of the
pilot. Investigations of the effects of control-stick displacement and
related force characteristics on the pilot's sbilitles in performing a
specific task have not generally been made. With the higher speeds and
the more exacting requlrements of todey's flying, a more precise deter-
mination of control displacement and force characteristics ls needed.

In addition, the use of power-actuated controls and mechanical-~feel
systems in which the stick is not directly connected to the control sur-
face gives the deslgner greaster flexibllity in the selection of the
emount of stlck displacement and stick force required to produce a given
airplane response. The research program covered in this report was .
undertaken to provide an indication as to the desired magnitudes of the
stick displacements and of the stick forces in relation to the performance
of a tracking task.

The tests were performed on a ground simulsbtor with one degree of
freedom, pitch. The stick force and stick displacement per unlt response
were vearied, and the period and dampling characteristlcs were adjusted to
similste those of -typical present-dsy fighter alrplenes opersting at low
altitudes and subgsonic speeds. Using the simulator, a group of subjects
sttempted to track a randomly moving target. Various combinstions of
stick force and stick displacement per unit response were Ilnvestigated
and were eveluated on the basls of the aversge tracking error of each
subJect.

This report contains the test results for a range of stick-displacement
gearing at two different values of stick force per unit response. For
these tests the simulated alrplene had an undsmped natural frequency of
1/2 cycle per second and & demping ratio of approximately 0.8.

SYMBOLS
&y normal acceleration, g units
€ mean aerodynemic chord, ft
c ad
D opereator, ¥ 3t

static force gredient, Ib/deg

static stick gearing, in./deg
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Fy stick force, 1b

g acceleration due to gravity, f't/sec2
t time, sec

v velocity, ft/sec

Xs stick displacement, in,

@ angle of attack, deg

8¢ stick deflection, deg

8 pitch angle, deg

¥ silmulator deflection, deg
A, B, C,

E, F, G, constant coefficilents

J, K, P, Q

Subscripts:

A elrplane

S similator

DESIGN CONSIDERATIONS

A simple mechanicel system that was capable of reproducing the
longitudinal characteristics of an ailrplene wes desired. The second~
order system conslsting of a masss, e spring, snd a dashpot, which was
selected, would satisfectorily reproduce the period and damping of the
short-period oscillation of the sirplane but would have a response to
control applications differing from that of conventiocnal alrplanés to
the extent discussed in the following parsgrephs. In brief, the differ-
ences are that, on the simulator, a given control application would pro-
duce a glven steady-state displacement or, in effect, a given pitch angle.
On most airplanes, for low;frequenqy'stick inputs, a given control eppli-
cation would produce (if the very-long-period phugoid mode is neglected)

a given steady-state normel accelerstion which shows up visually to the
pilot as a continually increasing pitch angle, the rate being proportional
to the normal acceleration. At higher stick-input frequencies on the order
of or greater than one-half the frequency of the short-period oscil-
lation, the airplane pitch response and that of the simulstor become alike.
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The following transfer functlons of the simulator response and of
the airplane response for two degrees of freedom (determine& from ref. l)
show the exact extent of simulation:

(_‘L) = J
Os/s EDZ + FD + G
c
K+ﬁ

8\ =
(BS)A ED2 + FD + G

<&n> _VAD® +BD + C
A

Ss/p g ED2 + FD + G
(gg) = PD + Q
Bs/A ED® + FD + G

In these equations the denominator represents the charsacteristic
equetion of the system which determines the period and demping. In the
airplane pitch transfer function (B/SS)A, the coefficient K for current

airplanes roughly varies from 3 to 15 times greater than the coefficient C.
Thus, for moderate to high frequencies the response of the simulator is
seen to be of similar form to the plich response of the alrplene. It can
be demonstreted that for most alrplanes this similarity exists for fre-
quencies greater than one-half the natural frequency. (For example, see
fig. 19 of ref. 1.)

In the sirplene normel-accelerstion transfer function (an/Bs)A,

the coefficient B 1is negligible for most sirplanes. At low frequencies
the value of the transfer function would be dominsted by the term C/G

and at high frequencies by the term A/E (tail 1ift contribution). For
most airplenes the term A/E would be smell compered with the term C/G.

acceleration response, the simllarity beilng exact at low frequencies.

In the angle-of-attack transfer function (a/dg)p, the coefficient P

is small compared with the coefficient- Q. The simulator is thus seen

to gpproximate closely the angle-of-attack response of the airplane
throughout the frequency range. However, angle of atfack is not readily
sensed by the-pllots and therefore it is not felt that the simulator could

be assumed to represent control of this varisble. On the other hand,
the statlc relestionship between stick displacement and simulstor angular
response cen be compared directly with the corresponding airplene static- ==

stebllity parameters %§§ and g%?. Since these parsmeters can be
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determined for eny airplene, the simulator static response characteristics
are quoted In terms of these airplane parameters.

APPARATUS

A photogreph and a diagremmatic sketch of the ground simulator used
in the investligation are shown in figures 1 and 2, respectively.

The bheart of the simulator was the mass-spring-dashpot system pre-
viously discussed which reproduced the period and damping characteristics
of the alrplene. The complete similetor included a control stick con-
nected with adjusteble gearing to an "elevator' T-bar. The T-bar was
connected to the simulation system by springs, end deflection of the
T-bar introduced moments into the system. The natural frequency could be
varied by proper positioning of the mass and the springs, and the damping
ratlo could be varied by proper selection of the damping fluid.

The moment of inertia of the airplane system was kept very low;
therefore, for & wide range of gearing between the T-bar and the stick
(even approaching zero stick movement), there could be no perceptible
force feedback to the stick from this source. A1l stick forces felt by
the subject were produced by cantilever springs fastened to the frame
of the simulator and attached to the control stick by means of a push-
pull rod. All push-pull rods in the simzlator were prelosded by springs
80 as to keep backlesh to a minimum.

A wheel type of control stick was used, but the subject was sllowed
to hold the control as he pleased, with one hand or two, with finger tips
or full grip. He was also allowed to support his hands and srms in any
msnner he wished. The moment of lnertia of the stick was 2 slug—feeta,
and the friction in the pivots was negligible compered with the stick
force gradient.

The recordlng system used was a mechanical-opticel type and recorded
as a continuous trace on photographic film. Baslcally, the system con-
sisted of a pair of mirrors, one mirror grecording mirror A) attached
to the airplene simulator and the other (recording mirror C) to the
cam follower (see fig. 3)}. The two mirrors had a common axis of rotation
and were mounted so as to be at 90° to each other whenever there was zero
tracking error. Light from a polnt source was reflected from mirror A to
mirror ¢ and then to the moving film. Similarly, light was reflected
from recording mirror C to recording mirror A and then to the filim.

This setup gave two light peths which produced two traces on the film.
These two traces Intersected whenever the angle of the mirrors was
exactly 90° (zero tracking error). A change in angle of the mirrors
from 900 deflected the traces in opposite directions by an equal emount,
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an amount directly proportional to the tracking error. Inasmuch ss the

two traces were the inverse of each other and to meske the best use of

the film, the intersection line was set near the bottom of the film and,

in effect, only the sbsolute wvalue of the error was recorded. Film

records of approximastely l-minute duratlion were teken, and these records
were integrated by using a mechanlcal integrator to determine the average
error and also the root-mean-squere error (stendsrd deviation). Figure 4(a)
shows a semple record, and figure 4(b) shows a record of the error when
the alrplane was maintained at zero pitch angle (no tracking effort by
the subjJect). For clarity in presentation, the traces below the zero
line have been omitted. With the eirplane held at zero pitch angle,

the aversge tracking error was 19 mils and the root-mean-square tracking
error was 23.4 mils.

TESTS AND PROCEDURE

The subject, sitting in a pilot's seat, saw two horizontal bars of
light proJected on & blackened well in front of him. One of the light
bars moved In response to stlick deflections and, as such, represented
the simulated-airplene motions. The other light bar had a random motion
end represented the target motlions. In operation, the subject attempted
to keep the two bars of light together.

The motions of the.target light were produced by a cam (see fig. 2(a})
driven at 1 revolution per minute. The cam wes designed to provide a
target motion equal to the summation of the first 24 harmonics of a sine
curve. -The harmonics were all of equal amplitude but had random phaseé
relationships. The target motion was adjusted to have a meximum ampliitude
of #60 wils and the highest input frequency was 0.43 cycle per second.

A time history of the target motion is shown in figure 5.

Another piloting task that was investigated involved having the
subject attempt to regulate rendom pitching moments (similar in nature
to gusty air). In these tests the cam acted on ome of the simulator
springs to produce a disturbing moment on the airplane (see fig. 2(b)).
The subject tried to counteract this moment so as to keep the alrplane
at zero pitch angle. The same cem was used and, for the airplane tested,
the response was adjusted to produce & maximum dlsturbance of *35 mils,
The cam was driven four times as fast as it was 1ln the tracking tests to
produce a frequency content that varied from 1.6 to 0.25 cycles per second.

Nine subjects were used in the investigation. These included four
professioneal test plilots, two pilots who flew regulerly wlth the U. S.
Naval Reserve, and three nonpilots. At the beginning of the tests
sufficient time was given to each of the subjecte so that he couwld
become completely femilisr with the operation of the simulator and
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could stabilize his tracking performaence., Some of the subjects required
as much as 60 minutes to complete this learming phase. After completion
of this leesrning period, there was no consistent verlation of performesnce
level with the filight experience of the subject.

For each test condition, the standard procedure was to have the
subject mske a test run consisting of 4 minutes of practice followed by
a l-minute record. During & period of 2 or 3 days three such test runs
were made by each subject and a single value of tracking error was deter-
mined for the three records by an averaging procedure. Records which
were obviously not representative of consistent tracking (repeatebility
within 1/2 mil) and records tsken during the lesrning phases were not
used. The single value thus obtained was considered to be the lowest
that could be consistently repeated by the subject with the particuler
condition under test. Although the cam required 1 minute to recycle
and was operated both forward end backward, it was discovered esrly in
the tests that the subjects could remember certain pertinent features
of the target motion. To eliminate this learning, a second cam (based
on the cosine summation of the harmonics used for the original cam) was
mede and used for practicing, the first cem belng used for recording.

For these tests the simulated airplane had an undamped natural fre-
quency of 1/2 cycle per second end a demping ratio of epproximately 0.8.

ar
For the tracking investigation, tests were mede at a force gradient EE?

of 6 pounds per degree with stick gearings %%f of 0.015, 0.3, 0.6, 1.2,

end 1.8 inches per degree. These values correspond to a force of 20 pounds
and displacements of 0.05, 1, 2, 4, and 6 inches required for full deflec-
tion of the airplane light bar. Another force condition tested had a
gradient of 0.45 pound per degree with gearings of 0,015, 0.5, and 1.2 inches
per degree. These values correspohd to a force of l% pounds and displace-

ments of 0.05, 1, and 4 inches required for full deflection of the light
bar. Points were also obtained for the condition of a stick force
gradient of 3 pounds per degree snd a stick~displecement gearing of

1.2 inches per degree and for the condition of a stick force gradient
of 1.5 pounds per degree and a stick-displacement gearing of 0.015 inch
per degree.

Tests of the gust type of input were mede only at the conditions of
a stick force gradient of 6 pounds per degree and stick-displacement
gearings of 0.015, 1.2, and 1.8 inches per degree.

RESULTS AND DISCUSSION

The response of the simulator to a stick displacement was not
exactly the same es that of alrplenes, as previously discussed. However,
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the humen reedily adspts himself to various types of responses, and it

is felt that the results obtained on the simulator would be an indication
of the trends to be found in the control of airplanes. 'This assumption
would, of course, requlre proof by similer tests performed in flight.
Equipment similar to the simulator of this investigaetion has been success-
fully used in ground tests of several sirplene control systems.

The results of the tests are presented in figures 6 to 10 in terms
of both the average tracking error and the root-mean-square tracking error.
These figures give the individual subject's score at each condition snd
also show & series of trend lines. These trend lines were obtained by
averaging, at two adjacent test conditions, the results for all those
subjects who had test polnts for both conditions. The number of subjects
used in obtaining the trend lines varied fram 8 to 3.

Flgure 6 shows the effects of varying the stick gearing for a stick
force gradient of 6 pounds per degree. Figure T shows the effects of
varying the stick gearing for a stick force gredient of 0.45 pound per
degree. TFigure 8, a cross plot of figures_g and T, shows the effects of
varying the force gradient for several stick gearings. Figure 9 presents
results summarized from figures 6, 7, and 8 and shows what might be con-
gidered the performance of the sverage subject. Figure 10 presents results
obtained from the gust type of inputs.

The tracking task presented to the subject contained a very large
proportion of high-amplitude—high-~frequency target motion. In air-to-
air tracking, hlgh-frequency target motlons ere limited to very small
amplitudes. Inasmuch as the sbility to track these high-frequency motions
was limited by the response of the airplame-subject combinetion, the
general level of the tracking error in these tests was greater than that
expected for visuel tracking in flight. The trends as obtained from this
investigation are expected to apply to flight conditions, but in view of
the differences in target motion, the magnitudes of the effects of the
variebles studied mey bhe different.

Figures 6 and 7 show that reducing the required displacements of
the stick increased the tracking accuracy. For the 6-pound-per-degree
case (fig. 6), this increase in tracking accuracy smounted to roughly
25 percent between the extreme gearings of 1.8 and 0.015 inches per
degree. Some of this improvement was thought to be due to the reduced
influence of the inertis of the subject himself, caused by the reduced
arm and body motions required. In the extreme case of the rigid stick, an
application of force would instantaneously produce the assoclated moment
on the alrplene. Also, for the ceses where small stick motlons were
requlred, it was possible for the subject to utilize successfully a
control procedure to improve the response of the alrplane whereln more
force and displacement were applied than were required to hold the steady-~
stete response. It was observed in the tests that two or three times

|«
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the forces required for maximum (60-mil) steady-state airplane-light-bar
deflection were used to accelerate or to check the alirplene motions.
In actual flight when trecking a target, the pilot's control procedure
may bé conditioned by other factors such as the loads being applied to
the eirplanes therefore, his control technique may be somewhat different
from that adopted by the subjects for these tests. In actual tracking,
the pilot may use somewhat slower, more deliberate control epplicetions
which might cause the quality of the tracking to deteriorate.

Figure 8 shows generally that reducing the force gradient also
increased the tracking accurascy. Between the extreme cases of 6 pounds
per degree and 0.45 pound per degree, the increase in tracking accuracy
amounted to roughly 20 percent. For the low but perceptible stick forces
the subject was not required to use eny arm or back muscles but could
and did displace the stick by using only wrist and finger motions. In
fact, the subjects, with one exception, supported their arms on their
legs for the low-force tests. The use of only wrist end finger motions
allowed more rapld spplications and reversels of stick force. The
improvements in tracking performence with reduction in force gradients
were not without deterrents. These deterrents are evidenced by the
increased scatter of the test points and also, for the case of a rigid
stick and low force, by the relatively small number of subjects presented,
The small number of subjects for which data are presented is due to a
lack of setisfactory consistency for any of the other subjJects. This
result indicates that with light forces and small displaecements the air-
plane response is more subject to inadvertences due to momentery control
lapses. TInassmch a8 this type of control is not very familisr, perhaps
substantial leerning periods would be required before consistent results
could be expected. Additional tests were made with no force spring
attached to the stick, and these tests showed no further reductions in
tracking error but, in fact, showed increased errors. There were, however,
definite indications that with more prectice and a more relaxed attitude
the results of the no-force ceses would be in line with the results of
the 0.45-pound-per-degree condition.

The summary plot of figure 9 for the average subject shows that
for force gradients of 6 and 0.45 pounds per degree the reduction in
tracking error is sbout the same, approximebtely 2-mil average error
between the extreme conditions plotted. The plot also shows the Increase
in tracking accuracy that results from decreesing the force gradient to
the low value of 0.45 pound per degree. The points for 1.5 and 3 pounds
per degree indicate that most of this improvement in tracking accuracy
was due to the presence of very low control forces which ensbled the
subject to conbtrol by using only wrist and finger motions.

The results of the gust type of inputs, shown in figure 10, indicate
the same trends for the 6-pound-per-degree gradient that are indicated
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by the tracking type of input (fig. 6). Therefore this type of testing
was discontinued in the interest of expediency.

Stick force gradients ass low as 0.45 pound per degree, even fhough
superior for tracking-performance accuracy, may be relatively worthless
for alrplane installatlon because the effects of aslrplane acceleration
on the pilot's hends and arms could produce forces on the stick. Also,
if the stick were equipped with the usual swltches and buttons, opersation
of these might produce airplene motion. It eppesrs, therefore, that
some moderate force level, with perhaps the currently accepteble minimum
of 3 pounds per g, would be the minimum ussble force gradient. This value,
of course, applies to a floor-mounted stick. If an armrest-mounted con-
troller were used, the minirmum force gredient could possibly be less.

A general note about these tests is that the tracking performance
of the pilot-alrplene combinetion i1s domineted by the airplane dynemic
response and is much less Iinfluenced by the force and displacement
charecteristics of the control stlick. It sppears therefore that an
alrplane that 1s correspondingly well damped and has a shorter period
would show smaller tracking errors than the airplene simmlsted in this
investigatlion.

CONCLUDING REMARKS

An investigation has been made on a single-degree-of-freedom (pitch)
simulator on which the stick force, the stick motlon, and the nstural- -
frequency and damping characteristlcs of the simulated eirplane could
be varled to obtain an indication as to the desired magnitudes of the
control-stick gearing end the force gradlent 1n relation to the perform-
ance of a tracking task.

The results of tests for a well-damped fighter-type alrplane show
thet, 'as the stick displacement required was reduced to almost zero, the
tracking eccuracy of the subjects improved. The tests also showed that
as the force required was reduced the trecking accurscy improved.

The control technique used by the subjects in this investigation
mey be somewhat different from that used in actusl flight. In these
tests, the subjects utlilized a procedure to improve the response of the
eirplene wherein much more force and displacement were spplied than were

lIJ|||
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required to give steady-state response. TIn tracking flight, the control
procedure may be conditioned by other factors, snd control applicetions
may be somewhat slower and more deliberate.

Langley Aeronsuticel Leboretory,
Netionel Advisory Committee for Aeronautics,

Langley Field, Va., Januery 11, 1955.
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